The potential mutagenicity of isoflurane was investigated by the sister chromatid exchange (SCE) test using peripheral blood lymphocytes from patients before and after anaesthesia. Thirty patients, aged 18-59 yr (median 29.5 yr), were anaesthetized for minor orthopaedic operations with isoflurane and nitrous oxide in oxygen for 37-90min (mrdinn 64min). Venous blood samples were drawn before the induction of anaesthesia, immediately after completion of anaesthesia and on the following day. SCE was examined in 30 cells from each specimen. In the 30 patients, the SCE values observed immediately after completion of nn<n-«thf«ia and the day after were not different statistically from the SCE values observed before the induction of anaesthesia. Separate statistical evaluation of SCE observed among the 19 non-smoking patients also revealed unchanged SCE values. In 11 cigarette-smoking patients (average 10 cigarettes per day), SCE was increased the day after operation when compared with SCE before the induction of anaesthesia (P < 0.02). This might reflect differences in SCE formation attributable to the patients' smoking habits, but further studies of SCE in cigarette smokers are required to elucidate this. It was concluded that there was no indication, from the SCE test, of a mutagenic effect of short-term exposure to anaesthetic concentrations of isoflurane and nitrous oxide in oxygen.
Laboratory tests on mutagenicity are used increasingly to evaluate the potential mutagenicity/carcinogenicity of chemicals in the environment and the possibility of a potential mutagenic/carcinogenic action of inhalation anaesthetics has been the subject of such studies (Baden et al., 1977 (Baden et al., , 1978 Waskell, 1978; White et al., 1979; Baden and Simmon, 1980; Basler and Rohrborn, 1981) . One mutagenicity test, the sister chromatid exchange test, is based on examination of the exchange of DNA material between the two chromatids occurring in the chromosomes during replication. An increased number of such sister chromatid exchanges (SCE) reflects the influence of mutagens (Perry and Evans, 1975) . In previous in vitro studies of inhalation anaesthetics using this test (White et al., 1979) , and the Ames Salmonella assay system (Baden et al., 1977; Waskell, 1978; Baden and Simmon, 1980) only the vinyl-containing compounds fluroxene, ethyl-vinyl ether and divinyl ether gave positive responses, and only so in the presence of rat liver microsomal enzymes.
Because metabolites may be mutagens/carcinogens, and because biotransformation may be different in different species, we have used the SCE-test on lymphocytes from peripheral blood obtained from humans exposed in vivo. In patients anaesthetized with halo thane, enflurane or fluroxene, Husum, Wulf and Niebuhr (1981a, 1982a) found no indication of a mutagenic effect following shortterm exposure to anaesthetic concentrations.
Since isoflurane is being used increasingly (Eger, 1981) , the present study investigated SCE in lymphocytes in the peripheral blood of patients before and after anaesthesia with isoflurane plus nitrous oxide in oxygen.
PATIENTS AND METHODS
The study was performed on 30 patients, aged 18-59yr (median 29.5yr) who underwent minor orthopaedic surgery. There were 12 women aged 19-54 yr (median 28 yr), and 18 men aged 18-59yr (median 31.5 yr). All patients were healthy and had received no regular medication before the operation. Informed consent was obtained from all patients at the preoperative visit. The patients received diazepam 0.2mgkg~' body weight orally at 7 a.m. on the day of operation.
Venous blood was sampled in a heparinized syringe before anaesthesia was induced with isoflurane and 67% nitrous oxide in oxygen. The patients breathed spontaneously during the procedure unless the end-tidal carbon dioxide concentration increased above 5.5% when respiration was assisted. Tracheal intubation was not required in any patient. A second sample of venous blood was drawn at the end of anaesthesia and a third on the following day. The duration of anaesthesia ranged from 37 to 90 min (median 64 min).
The blood samples were labelled with code numbers so that the investigators were unaware of the time of withdrawal.
The SCE analyses were undertaken as described by Wulf (1980): a 0.5-ml aliquot of blood from each sample was incubated in 7.5 ml of Parker 199 standard medium with 1.5 ml of fetal calf serum, 0.2 ml of phytohaemagglutinin (PHA, Wellcome, England) and bromdeoxyuridine (BrdU) 2 x 10~5 mol litre" 1 (6 ngml" 1 ). The cells were grown in the dark at 37 °C for 72 h and during the last 2 h Colcemid was added to the medium to a final concentration of 3 x 10~7 mol litre"
1 . After treatment with hypotonic potassium chloride 75 mmol litre" 1 and fixation with glacial acetic acid in methanol (1:3), slides were prepared. After air-drying, the slides were treated with bisbenzimide and ultraviolet light. Staining with Giemsa (Perry and Wolff, 1974; Wulf, 1980) made old and newly synthesized DNA material colour differently. Thirty metaphases were scored for SCE in each specimen, one SCE being counted each time two adjacent segments of one of the chromatids in a chromosome were stained differently.
Statistical methods
The number of SCE in different cells of an individual person was assumed to behave as coming from a mixture of Poisson distributions. Therefore, the sum of SCE in 30 cells from each patient followed a Poisson distribution, and the transformation y = (sum SCE) 1 + (sum SCE + I) 1 produced a normally distributed variable, y, by which a possible effect of anaesthesia with isoflurane might be evaluated (Husum, Wulf and Niebuhr, 1981b; Wulf etal., 1984) . A two-tailed t test was used to compare the mean values of the variable y in all patients before and immediately after anaesthesia, and before anaesthesia and the day after the operation, respectively.
Because cigarette smokers have increased SCE (Husum, Wulf and Niebuhr, 1982b) , we performed similar statistical evaluations of the data on the non-smoking patients (n = 19) and on patients known to smoke cigarettes (n = ll). Differences were considered to be statistically significant when P was less than 0.05.
RESULTS
Before the induction of anaesthesia, the 30 patients had 8.25±0.25 SCE per cell (mean ± SEM). Immediately after anaesthesia the values were 8.50 ± 0.24 SCE per cell (mean ± SEM) and on the following day 8.64±0.27 SCE per cell (mean ± SEM). The SCE values immediately at the end of anaesthesia, and the SCE values on the following day were not statistically different from the SCE values observed before the induction of anaesthesia (table I) .
The 19 non-smokers had identical SCE values before, immediately after and on the day following anaesthesia (table II). The 11 cigarette smokers (average 10 cigarettes per day) had 8.57 ± 0.38 SCE per cell before the induction of anaesthesia, 8.97 ±0.42 SCE per cell immediately following anaesthesia and 9.38±0.36 SCE per cell the next day (table III) . The increase in SCE rate on the day following anaesthesia was statistically significant when compared with the value observed before anaesthesia (P<0.02).
DISCUSSION
The introduction of isoflurane into clinical practice was delayed initially by the suggestion that it might produce liver tumours in rats (Corbett, 1976) . HOW- ever, these preliminary findings could not be confirmed in a larger study (Eger et al., 1978) . Isoflurane was approved subsequently for clinical use in North America, and in a recent review (Eger, 1981) was considered to be superior, in many ways, to other inhalation anaesthetics and "likely to play a major role in the future delivery of anaesthetic care". Testing for chemical carcinogenesis requires a lifetime exposure of a large number of animals, and since this is a very time-consuming and expensive procedure only a limited number of chemicals can be tested in this way. Alternative approaches are rapid screening tests that use genetic damage as an indicator of potential mutagenicity/caxcinogenicity. Changes in the DNA material may interfere with mechanisms controlling cellular growth, thereby giving rise to cancer or to the development of congenital malformations.
The most extensively used mutagenicity test is the Ames Salmonella bacterial assay (Ames, McCann and Yamasahi, 197 5) which is based on the reversion of a histidine-requiring strain of Salmonella typhimurium to a non-histidine-requiring mutant after exposure to mutagenic chemicals. Mutations like these involve frame shift and base-pair reversion in the DNA material.
The SCE test also involves examination of alterations in DNA, although the genetic end-point is different from the one studied in the Ames test. SCE involves an exchange of DNA segments between the two sister chromatids in a chromosome during cell replication, and an increased frequency of SCE is an indicator of exposure to mutagenic/carcinogenic substances (Perry and Evans, 1975) .
The use of cytogenetic methods in humans for monitoring exposure to potential mutagens/carcinogens has increased recently. Positive responses should be regarded as indicators of a genotoxic hazard. However, when attempts are made to elucidate the predicliveness of chromosomal damage (for example, with regard to the causation of cancer) more research is needed both within populations and in individuals (Vainio and Sorsa, 1982) .
Mutagenicity studies by the Ames test have not indicated any mutagenic action of isoflurane (Baden et al., 1977; Waskell, 1978) , whereas vinylcontaining anaesthetics such as fluroxene gave positive responses in the presence of a rat liver enzyme system (Baden et al., 1977) .
Examination of sister chromatid exchanges in Chinese hamster ovary (CHO) cells following exposure to 10 inhalation anaesthetics in vitro indicated also that only the vinyl-containing anaesthetics were mutagenic (White et al., 1979) . In the same study isoflurane gave negative responses both with and in the absence of a rat liver enzyme system in the culture medium.
Application of the SCE test to human lymphocytes in peripheral blood before and after anaesthesia with halotlyine, enflurane or fluroxene did not reveal any change in SCE following exposure to anaesthetic concentrations of these agents (Husum, Wulf and Niebuhr, 1981a, 1982a) . This study of human cells, exposed in vivo, allowed testing of the biotransformation products and of the anaesthetics themselves.
In the present study we used the same technique to examine SCE in peripheral blood lymphocytes of patients exposed to anaesthetic concentrations of isoflurane plus nitrous oxide. Statistical evaluation of the results of all 30 patients revealed no change in SCE following short-term exposure. This finding agrees with the negative results of previous mutagenicity studies of isoflurane in non-human cells and bacteria exposed in vitro (Baden et al., 1977; Waskell, 1978; White et al., 1979) .
Statistical evaluation of SCE in 19 of the patients who were non-smokers indicated that SCE were identical before, immediately after anaesthesia and on the following day. In the remaining 11 patients, who smoked 10 cigarettes per day on average, SCE were identical before and immediately after anaesthesia. However, on the following day, SCE in these patients had increased significantly when compared with the pre-anaesthesia values, whereas the increase in SCE from the post-anaesthesia specimens to the following day was not significant (table III) .
In our previous study of SCE in 25 patients anaesthetized with fluroxene (Husum, Wulf and Niebuhr, 1982a) no increase in SCE was observed following anaesthesia. Re-examination of these data indicated no difference in this respect between 15 of the patients who were cigarette smokers and 10 who were non-smokers. A similar re-calculation of the data obtained in a study of SCE in patients anaesthetized with halothane or enflurane (Husum, Wulf and Niebuhr, 1981a) was not possible since only seven of a total of 35 patients were cigarette smokers.
Cigarette smokers have increased SCE in lymphocytes in peripheral blood (Lambert et al., 1978; Husum, Wulf and Niebuhr, 1982b) , and one might speculate that cigarette smokers react differently either qualitatively or quantitatively to potential SCE inducing agents and, if so, some kind of chemical interaction and synergistic effect might be involved. However, thus far there exists no evidence substantiating such a hypothesis. SCE occurs during DNA replication, and although the molecular mechanism leading to SCE formation is not fully understood, it is believed to reflect damage or repair, or both, of the DNA material.
Formation of SCE is highly correlated with exposure to most alkylating mutagens and carcinogens (Lambert et al., 1982) . Several aspects of the cell cultivation technique influence the increase in SCE produced by exposure to a given mutagen, and absolute values of SCE rates observed in different laboratories are not directly comparable. We have used the same standardized technique (Wulf, 1980) for several years, and found that, when compared with healthy non-smoking persons, cigarette smokers have increased SCE at a rate of 0.08 SCE per cell for each cigarette smoked per day (Husum, Wulf and Niebuhr, 1982b) . During treatment with cytostatic agents we have observed that SCE increased from 9 SCE per cell befoic the treatment to 36 SCE per cell during the treatment. The increase in SCE which was observed in the present study among the patients who smoked cigarettes following anaesthesia with isoflurane was about 0.8 SCE per cell, and we do not know the cause and significance of this increase. When cigarette smokers stop smoking, SCE in lymphocytes increase within a few days and then decrease subsequently (Wulf et al., unpublished observation) . The mechanism underlying these changes is unknown, but this observation may have some relevance for the difference observed in the present study between smokers and nonsmokers. We conclude that examination of SCE in peripheral blood lymphocytes of patients before and after anaesthesia with isoflurane in nitrous oxide revealed no indication of a mutagenic action of short-term exposure to these agents in anaesthetic concentrations. Further studies are needed to clarify why SCE appeared to increase in cigarette smokers undergoing operation during isoflurane anaesthesia. 
